ABSTRACT: Nucleic acid delivery systems are commonly translated between different modalities, such as DNA and RNA of varying length and structure, despite physical differences in these molecules that yield disparate delivery efficiency with the same system. Here, we synthesized a library of poly(2-ethyl-2-oxazoline)/poly(ethylene imine) copolymers with varying molar mass and charge densities in order to probe how pDNA, mRNA, and RepRNA polyplex characteristics affect transfection efficiency. The library was utilized in a full factorial design of experiment (DoE) screening, with outputs of luciferase expression, particle size, surface charge, and particle concentration. The optimal copolymer molar mass and charge density was found as 83 kDa/ 100%, 72 kDa/100%, and 45 kDa/80% for pDNA, RepRNA, and mRNA, respectively. While 10 of the synthesized copolymers enhanced the transfection efficiency of pDNA and mRNA, only 2 copolymers enhanced RepRNA transfection efficiency, indicating a narrow and more stringent design space for RepRNA. These findings suggest that there is not a "one size fits all" polymer for different nucleic acid species.
■ INTRODUCTION
Nucleic acid delivery is becoming increasingly important in the context of vaccines and therapeutics as more platforms transition from academic concepts to clinical products.
1,2 A multitude of different nonviral delivery strategies have been used to deliver both DNA and RNA, including electroporation, 2, 3 liposomes, 4 emulsions, 5 and polyplexes. 6−8 However, there are profound differences in the physical characteristics of DNA and RNA that contribute to disparate success with the same delivery system. 9−12 Plasmid DNA (pDNA) is double stranded and circular, and ranges in size from 2,000 to 10,000 base pairs. RNA is single stranded, except for some regions of double stranded secondary structure, and linear, and comes in a wider variety of sizes, from small interfering RNA (siRNA, 20−25 nt), to mRNA (mRNA, 2,000−5,000 nt) and self-amplifying replicon RNA (RepRNA, 8,000−12,000 nt).
Despite these differences, delivery strategies for new nucleic acid vaccines and therapies are usually evolved from historic formulations without taking the physical properties of novel nucleic acids into account. For example, replicon RNA has recently gained traction as an alternative to mRNA due to selfamplification properties, which typically yield higher protein expression for a similar dose of RNA. 5, 13 However, delivery strategies for both mRNA and RepRNA to date are based on formulations that have been optimized for siRNA, despite vast differences in the size and structural components of these molecules. 5, 14, 15 Commercially available transfection reagents, such as Lipofectamine and PEI MAX, similarly discount the differences in nucleic acid species and generally recommend a fixed amount of transfection reagent per mass of nucleic acid or a constant ratio of the amine groups in the transfection reagent to phosphate in the nucleic acid (N/P ratio). 16−18 Kauffman et al. observed that optimization of liposomal formulation of mRNA by varying lipid ratios and structure increased the potency 7-fold but did not improve siRNA delivery, indicating that the design spaces for siRNA and mRNA are unique. 19 These examples question the common assumption that each platform works similarly well for each nucleic acid species, despite differences in their physical properties. We hypothesized that the optimal cationic carrier characteristics and resulting complexation is unique to each nucleic species, even for molecules relatively similar in size and charge such as pDNA, mRNA, and RepRNA. To probe this hypothesis, we utilized copolymers of two widely studied linear polymers; poly(ethylene imine) (P(EI)) and poly(2-ethyl-2-oxazoline) (P(EtOx)) (Scheme 1). 6,20−24 These polymers have a positively charged secondary amine group that interacts with the negatively charged phosphate backbone of DNA or RNA to create a complex that facilitates uptake of the nucleic acid into cells. 25 These copolymers are particularly useful as it is possible to synthesize a wide variety of molecular weights, and the charge density of the polymer can be manipulated in a controlled manner using an acid hydrolysis reaction with wellknown hydrolysis kinetics. 26, 27 Previous studies have probed the effect of charge density and molecular weight on DNA transfection, but a systematic study comparing differences between DNA and RNA has not been performed. 21, 23, 28 Given these dimensions, we sought to optimize the charge density and molar mass of a P(EtOx)-P(EI) copolymer for the formation of pDNA, mRNA, and RepRNA polyplexes. The pDNA, mRNA, and RepRNA all encoded firefly luciferase (fLuc) as a reporter protein and are 7,000 bp, 2,000 nt, and 9,500 nt in size, respectively. We designed and synthesized a library of P(EtOx)-P(EI) copolymers with molar mass ranging from 5 to 200 kDa with a variety of charge densities, represented by 20−100% hydrolysis. We utilized a full factorial design of experiments (DoE) approach to optimize the copolymers for each nucleic acid, with inputs of nucleic acid, molar mass, and charge density and outputs of luciferase expression and particle size, charge, and concentration. After DoE analysis, we used a Fit Model to predict the optimal polymer characteristics for each nucleic acid. Here, we show that varying the charge density and molar mass of the P(EtOx)-P(EI) copolymer differentially impacts the transfection efficiency and physical properties of each of the nucleic acid complexes. Furthermore, the theoretical optimal polymer varied for all three nucleic acid species, thus negating the common assumption of a "one size fits all" nucleic acid delivery vehicle.
■ EXPERIMENTAL SECTION
Materials. 2-Ethyl-2-oxazoline (EtOx, ≥ 99%), methyl ptoluenesulfonate (MeOTs, 98%), and poly(2-ethyl-2-oxazoline) (P4, M w = 50 000 g/mol and PDI = 3−4; and P5, M w = 200 000 g/mol and PDI = 3−4) were purchased from Sigma-Aldrich Chemical Co. (Dorset, UK). EtOx and MeOTs were distilled and stored over activated 4 Å molecular sieves under an argon atmosphere. All other reagents and solvents were obtained at the highest purity available from Sigma-Aldrich Chemical Co. (Dorset, UK) and used as received unless stated otherwise. The dialysis tube (1 kDa MWCO) was purchased from Spectrum Laboratories (California, USA).
Instrument and Analysis. Proton nuclear magnetic resonance ( 1 H NMR) spectroscopy (Bruker DPX-400/600) was used to determine the chemical structure of the synthesized polymers. Samples were dissolved at 5 mg mL −1 concentration in D 2 O or CD 3 OD solvents depending on the solubility of the samples. Size-exclusion chromatography (SEC) measurements were conducted on an Agilent 1260 infinity system operating in DMF with 5.0 mM NH 4 BF 4 and equipped with a refractive index detector (RID) and variable wavelength detector (VWD), 2 PLgel 5 μm mixed-C columns (300 × 7.5 mm), a PLgel 5 mm guard column (50 × 7.5 mm), and an autosampler. The instrument was calibrated with linear poly(methyl methacrylate) standards in a range of 550 to 46890 g/mol.
Methods. Microwave-Assisted Homopolymerization of EtOx. As a general procedure, a polymerization solution was prepared by the addition of initiator (methyl p-toluenesulfonate), monomer (EtOx), and solvent (acetonitrile) under inert atmosphere. The total monomer concentration was adjusted to 4 M with a monomer to initiator ratio of [ Partial and Full Hydrolysis of P(EtOx)s. To obtain a specific degree of hydrolysis of the poly(EtOx)s, the kinetic study of P2 was carried out according to a literature procedure. 27 A stock solution of each polymer (amide concentration = [A] = 0.48M) with a concentration of 1 M HCl (aq) was heated for different periods at 120°C according to the kinetic study in a microwave synthesizer. The linear poly-(ethylenimine)s (P(EI)s) with different Degrees of Polymerisation (DP) were produced by fully hydrolyzed P(EtOx)s in the presence of 3 M HCl (aq) solution for different periods at 180°C. After the polymerization reactors were cooled down by compressed air, they were neutralized with 4 M NaOH (aq) solution. Samples were taken to measure 1 H NMR to determine the conversion of P(EtOx) to P(EI) using the signals of the hydrolysis products. Subsequently, the mixture was directly transferred to one dialysis tubing and dialyzed against water for 3 days after which the hydrolyzed polymers could be recovered by freeze-drying. P((EtOx) m-n -co-(EI) Plasmid DNA Synthesis and Purification. Mammalian codon optimized firefly luciferase was synthesized by GeneArt (Invitrogen, UK) and cloned into pcDNA3.1 (Invitrogen, UK). pDNA was transformed into Escherichia coli, grown in 50 mL cultures in LB with 1 mg mL −1 carbenicillin (SigmaAldrich, UK) and isolated and purified using a Plasmid Plus Maxiprep kit (QIAGEN, UK). pDNA concentration and purity were measured on a NanoDrop One (ThermoFisher, UK) prior to complexation.
RNA in Vitro Transcription and Purification. For the mRNA construct, the fLuc pcDNA3.1 pDNA was linearized using the NdeI and NotI restriction sites for 2 h at 37°C, and then the enzymes were heat-inactivated at 65°C for 20 min. For the replicon RNA construct, the fLuc gene was cloned into a plasmid encoding the nonstructural proteins of the Venezuelan equine encephalitis virus (VEEV) immediately after the subgenomic promotor using the restriction sites NdeI and MluI. The sequence was confirmed using Sanger sequencing (GATC Biotech, Germany). The pDNA was prepared as stated above and linearized using MluI for 2 h at 37°C, and then the enzymes were heat-inactivated at 80°C for 20 min. Capped in vitro transcripts were synthesized by adding 1 μg of linearized DNA to an mMessage mMachine reaction (Promega, UK) with an addition of 1 μL of GTP for the replicon RNA in each reaction to increase yield, and incubated for 2 h at 37°C. RNA was then purified using MEGAclear Transcription Clean-Up Kit (Thermo, UK) according to the manufacturer's protocol. RNA concentration and purity were measured on NanoDrop One prior to complexation.
Nucleic Acid Complexation. Stock solutions of P(EtOx)-P(EI) copolymers were prepared at a concentration of 2 mg mL −1 in ultrapure H 2 O and filtered using a 0.22 μm syringe filter (Millipore, Sigma, UK). Nucleic acid complexes were prepared by diluting the polymer and DNA/RNA into equal volumes of Dulbecco's modified Eagle's medium (DMEM) (Gibco, ThermoFisher, UK) with 0.5 mg mL −1 L-glutamine, adding the polymer solution to the RNA solution using a pipet, and immediately vortexing for 30 s. Because the P(EtOx)-P(EI) library consists of polymers with varying molar mass and charge density, the amount of polymer was normalized by keeping the molar amount of P(EI) (charged units) constant at 0.227 mmol and was calculated using the following equation:
The molar ratio of polymer to nucleic acid was fixed at 7000. Complexes were prepared fresh for transfection and stored at 4°C until further analysis. Transfection and Luciferase Assay. HEK 293T.17 cells (ATCC, USA) were plated at a density of 50,000 cells well −1 48 h prior to transfection. The nucleic acid complexes were added to each well in a total volume of 100 μL and a total dose of 100 ng of DNA, mRNA, or RepRNA. Cells were exposed to complexes for 4 h, and then, the media was replaced with 100 μL of complete DMEM (10% fetal bovine serum, 5 mg mL −1 L-glutamine, and 5 mg mL −1 penicillin− streptomycin (ThermoFisher, UK)). After 24 h from the time of initial transfection, 50 μL of medium was removed from each well, 50 μL of ONE-Glo luciferase substrate (Promega, UK) was added, and the total 100 μL was transferred to a white 96-well plate and analyzed on a FLUOstar Omega plate reader (BMG LABTECH, UK) with a gain of 2000, 4000, and 3000 for DNA, mRNA, and RepRNA, respectively. MTS assay was performed on identical transfection reactions using a CellTiter 96 Aqueous One Solution Assay (Promega, UK) according to the manufacturer's protocol.
Characterization of Particle Size and Concentration. 100 μL of nucleic acid complexes were diluted into 900 μL of PBS (Sigma, UK) and equilibrated to room temperature prior to analysis. The particle size and concentration were analyzed on NanoSight LM10 (Malvern Instruments, UK) with NanoSight NTA 3.0 software (Malvern Instruments, UK) using an infusion rate of 20, capture duration of 1 min, gain of 2, and camera level of 7. Processing parameters were kept constant for all samples.
Characterization of Particle Charge. Samples were prepared identically to particle size and concentration characterization above and analyzed on a Zetasizer Nano ZS (Malvern Instruments, UK) with Zetasizer 7.1 software (Malvern Instruments, UK) using 730 μL of sample in a clear disposable 1 mL cuvette and the following settings: material refractive index of 1.529 and absorbance of 0.010 and dispersant viscosity of 0.8820 cP, refractive index of 1.330, and dielectric constant of 79. Each sample was analyzed for up to 100 runs until measurement equilibrated.
Design of Experiment and Statistical Analysis. DoE analysis was carried out in JMP, version 13.0 using a full factorial design with polymer molecular weight (MW), % P(EI), and nucleic acid as factors and particle mode size, concentration, surface charge, and luciferase expression as responses. The data were analyzed using a fit model of standard least squares for effect screening with the model effects designated as polymer MW, % P(EI), and the polymer MW*% P(EI) interaction. For analysis of each individual nucleic acid (e.g., DNA), the two extraneous nucleic acids (e.g., mRNA and RepRNA) were excluded from the model to examine the effects on each nucleic acid individually. The model for each nucleic acid was then used to predict the "optimal" P(EtOx)-P(EI) copolymer using polymer MW and % P(EI) as inputs and luciferase expression as the primary response. Graphs were prepared in GraphPad Prism, version 7.0.
■ RESULTS

Microwave-Assisted Homopolymerization of EtOx.
Cationic ring opening polymerization (CROP) provides sufficient control for the living polymerization of 2-oxazoline monomers.
29−31 2-Substituted-2-oxazolines are the most commonly used monomers for CROP, and they are promising candidates for biological applications due to their biocompatibility and low cytotoxicity. 32, 33 Particularly, p(EtOx) is watersoluble and can also show a lower critical solution temperature (LCST) behavior at specific chain length and concentration. 22 The polymerization of EtOx with different DPs (P1, P2, and P3) proceeded via CROP with a good control based on a protocol from previous studies. 34, 35 Quantitative monomer conversion was obtained according to 1 H NMR spectra for each polymer ( Table 1) . As depicted in Figure 1a , all synthesized polymers (P1−P3) have a monomodal distribution with a low dispersity in the SEC, and the calculated molar mass values are in good agreement with the targeted molar mass values. However, P4 and P5 (M w = 50,000 and M w = 200,000 with PDI = 3−4, respectively) were purchased from Sigma-Aldrich and used to prepare high molecular weight P(EtOx)-P(EI) copolymers. It should be noted that these two commercial P(EtOx) polymers have a dispersity of 3−4 according to the supplier. However, in our SEC systems both have a bimodal distribution, and the dispersity values were calculated as 22 and 35. This unrealistic dispersity also indicates the inhomogeneous nature of the polymers. On the basis of these measurements, the number-average molar mass of P4 and P5 was calculated as 11200 and 23900 g/mol, respectively. Therefore, it should be noted that although P1 with P4 and P3 with P5 have very similar M n, SEC values, P4 and P5 contain a significant amount of high molar mass chains as well.
Partial and Full Hydrolysis of P(EtOx)s. P(EI)s in different structures have been widely used in gene delivery platforms due to their low cost, ease of preparation, long-term stability, and high loading capacity. 36, 37 These positively charged polymeric nonviral gene carriers have an ability to create polyelectrolyte complexes (polyplexes) with negatively charged nucleic acids. In this work, the partial hydrolysis of P(EtOx)s was carried out under acidic conditions in 1 M HCl at 120°C for different reaction times selected from the hydrolysis kinetic data ( Table 2 ). P(EtOx)s were fully hydrolyzed in the presence of higher acid concentration (3 M HCl) and at higher temperature (180°C) for different times to provide a full hydrolysis due to the slow progress of hydrolysis in the final stage. The conversion as a function of reaction time is slowing down due to the formation of EI units and the consequent decrease of free protons available to catalyze the hydrolysis. To prevent any degradation of the polymer backbone into oligomers, 1 H NMR was measured at 15 min intervals after 90% conversion of hydrolysis until all side chains of P(EtOx)s were cleaved to yield fully hydrolyzed P(EI)s. As seen in Figure 1c , the signals of P(EtOx) at 2.4 and 3.5 ppm decrease with increasing of ethylene imine units on the polymer backbone. Additionally, the signals of propionic acid sodium salt as a hydrolysis side product at 1.1 and 2.2 ppm increase with higher hydrolysis. Increasing Charge Density, but Not MW, Enhances Transfection Efficiency. In order to investigate the impact of charge density and molecular weight of P(EtOx) polymers on the transfection efficiency of pDNA, mRNA, and RepRNA, we prepared complexes with each nucleic acid and P(EtOx) polymer in our library. The molar amount of P(EI) was kept constant at 2.27 × 10 −4 mol no matter the molar mass or charge density of the polymer as the nucleic acid complexes only with the cationic amine groups. Luciferase expression was utilized as a proxy for transfection efficiency and expressed as RLU or fold change over the nucleic acid alone (Figure 2 ). Transfection efficiency of DNA had a trend of increasing with charge density and decreasing with polymer MW (Figure 2d ), and polymers with MW greater than 20 kDa and above effectively increased the transfection efficiency up to 1000-fold compared to that of DNA alone (Figure 2a) . mRNA was the only nucleic acid wherein the trend of increased transfection efficiency was significantly increased with higher charge density (Figure 2e , p = 0.0341) but was largely unaffected by polymer MW.
Polymers greater than 10 kDa were observed to enhance transfection efficiency of mRNA up to 80-fold compared to that of mRNA alone (Figure 2b ). Similar to mRNA, there was a trend of increasing transfection efficiency of RepRNA with increasing charge density, but it was not statistically significant ( Figure 2f ). Only two polymers enhanced the transfection efficiency of RepRNA, including 50 kDa with 100% P(EI) and 200 kDa with 80% P(EI), which were 100-and 10-fold greater than RepRNA alone (Figure 2c ). No cellular toxicity was observed at any of the polymer doses tested ( Figure S2 ).
mRNA and DNA Particle Size Increases with Increasing Charge Density. After observing the effects of polymer charge density and MW on the transfection efficiency of DNA, mRNA, and RepRNA, we sought to characterize physical properties of the nucleic acid complexes in order to explain these differences. We observed how the average particle diameter of nucleic acid complexes is affected by the charge density and polymer MW (Figure 3) .
DNA complexes ranged in diameter from 80 to 400 nm (Figure 3a) , and increasing the % P(EI) significantly increased the average particle diameter (Figure 3d ) (p = 0.0040). mRNA complexes similarly ranged in size from 80 to 450 nm ( Figure  3b) , and increasing the % P(EI) significantly increased the average particle size (Figure 3e ). RepRNA complexes also ranged in size from 80 to 450 nm, although all but one sample was under 250 nm (Figure 3c) . While there was a slight trend of increasing particle diameter with increasing % P(EI), it was not significant (Figure 3f ). Polymer MW did not significantly affect any of the nucleic acid particle sizes, although the DNA complexes had a slight trend of increasing size with increasing MW (Figure 3d ), while both RNA species were observed to have decreasing particle size with increasing MW (Figure 3e,f) .
Charge Density and MW Disparately Affect DNA and RNA Complex Surface Charge. The physical properties of the nucleic acid complexes were further characterized by analyzing how the surface charge of the particles is impacted by changing the charge density and MW of the polymer ( Figure  4) . DNA, mRNA, and RepRNA are negatively charged, and neutralization of this charge in the presence of the cationic P(EtOx) polymers is an indicator of complexation. The surface charge of DNA complexes ranged from −7.0 mV to +1.5 mV (Figure 4a ) and decreased with increasing charge density (p = 0.0051) but increased with increasing polymer MW (p = 0.0011) (Figure 4d ). The mRNA complexes had a slightly narrower range of surface charge from −5.0 mV to +2.0 mV (Figure 4b ). Unlike DNA, there was no impact of increasing the % P(EI), but increasing the polymer MW increased the surface charge (Figure 4e ) (p < 0.0001). The RepRNA complexes ranged in surface charge from −7.0 mV to 2.0 mV (Figure 4c ) and had similar trends as mRNA, but neither % P(EI) nor polymer MW significantly affected surface charge. Interestingly, for both DNA and RNA the only polymer that formed complexes with a positive surface charge was the 200 kDa with 100% P(EI). Despite individual differences among DNA, mRNA, and RepRNA, there was a general trend for each group of identical charge density (i.e., 50% P(EI)) where the 5 kDa was the most negative, while the 200 kDa was the most positive.
Increasing Charge Density Decreases Particle Concentration. While particle concentration is not a direct physical characterization of nucleic acid complexes, it can be an indicator of how efficiently molecules of the polymer are associating with DNA or RNA. Both DNA and RNA complexes ranged from 10 7 −10 8 particles mL −1 ( Figure 5 ). Increasing the % P(EI) exhibited a trend of decreased particle concentration for DNA (Figure 5a) , while increasing the polymer MW significantly increased the particle concentration (p = 0.0235). Contrary to DNA, both RNA species were unaffected by polymer MW (Figure 5e,f) , but increasing the charge density decreased the particle concentration, although this was significant for mRNA (p = 0.0356) but not RepRNA. Optimal P(EtOx) Polymer Design for DNA, mRNA, and RepRNA. The functional and physical characterization of DNA and RNA complexes culminated in using the full factorial data to build a predictive model using a standard least-squares approach for effect screening. The model can then be used to identify which input factors should be considered and the relative importance of each of the inputs and their interactions. Polymer MW and % P(EI) were found to have statistically significant importance for DNA, mRNA, and RepRNA (Table  4) . On the basis of log worth ranking, the polymer MW was the most important factor for all three nucleic acids. The interaction between polymer MW and % P(EI) (indicated as polymer MW*% P(EI)) was only statistically significant for mRNA but not DNA nor RepRNA.
The fit model was then used to design the optimal polymer for each nucleic acid (Table 3) , with luciferase expression as the primary outcome, where the physical characterizations were secondary observational effects of this study. The optimal polymers for DNA, mRNA, and RepRNA are a MW of 83, 45, and 72 kDa and a % P(EI) of 100, 80 and 100, respectively.
■ DISCUSSION
This work identifies the optimal molecular weight and charge density of P(EtOx)-P(EI) copolymers for the in vitro delivery of pDNA, mRNA, and RepRNA. We show that polymers with the highest charge density, fully hydrolyzed P(EtOx)-P(EI) copolymers, increase the transfection efficiency for DNA and RepRNA but that a slightly lower charge density is optimal for mRNA transfection. DoE analysis revealed that the polymer molecular weight and charge density were significantly important for the fit models of DNA, mRNA, and RepRNA but that the interaction between these two inputs was significant only for mRNA. These data indicate that the physical properties of the delivery system, such as the available charge, charge density, and chain length, impact the complexation with DNA, mRNA, and RepRNA differently, which is likely due to variation in their physical properties. Within the burgeoning field of nucleic acid delivery, these findings emphasize that the optimal delivery platform characteristics do not directly translate between different nucleic acid species.
The optimal polymer for DNA was found to have a molecular weight of 83 kDa with 100% hydrolysis, which varies slightly from a previous report by Jeong et al. which found the optimal polymer to be 50 kDa with 88% hydrolysis. 21 However, only four polymers were characterized in this study, with a MW of 50 or 200 kDa and varying hydrolysis from 52.6 to 91.6%, thus overlooking the full design space of P(EtOx)-P(EI) copolymers. The optimal polymer for RepRNA transfection efficiency was similar to that of DNA, with a molecular weight of 72 kDa and 100% hydrolysis. However, the optimal polymer for mRNA was found to be 80% hydrolysis, indicating that smaller RNA species may benefit from lower charge density. The smaller optimal molecular weight for mRNA, 45 kDa, also reflects the smaller size of mRNA compared to DNA and RepRNA. As the theoretical M n values were used for the DoE analysis, the predicted polymers may not be completely accurate, but the general trends observed for PEI content and molecular content for DNA, mRNA, and RepRNA are informative. Because the transfection efficiency of DNA and RepRNA were maximized with the highest possible charge density, it is possible that using polymers with an even higher cationic charge, such as a quaternary amine, would be beneficial. 38, 39 However, such a potent amine group may lead to irreversible binding of the nucleic acid and failure of endosomal escape from the complex. 40, 41 In this case, it may be more suitable to design a highly charged ionizable polymer, similar to ionizable lipids that have been incorporated into liposomal delivery systems. 19, 42, 43 The DoE analysis showed that increasing the % P(EI), but not molecular weight, positively correlated with enhanced transfection efficiency for each nucleic acid (Figure 2 ). Despite this trend, polymers with molecular weight ≥10 kDa showed enhanced transfection efficiency for DNA and mRNA, but only polymers with molecular weight ≥50 kDa showed any enhancement of transfection efficiency for RepRNA. This observation indicates that long, single stranded RNA species are more difficult to condense and deliver than similar sized DNA and shorter RNA species. The difficulty of condensation is reflected in the lack of a statistically significant correlation between increasing charge density and both particle size ( Figure 3 ) and charge ( Figure 4 ). While both DNA and mRNA showed increasing particle size with increasing charge density, and increasing surface charge with increasing polymer molecular weight, RepRNA was unaffected. On the basis of the decreasing particle concentration observed with increasing charge density for all three nucleic acid species ( Figure 5 ), it appears that increasing the charge density universally increases the total number of nucleic acid molecules per polymer but not necessarily in a condensed state.
Despite the RepRNA being only twice the size of the mRNA, and similar in size to the DNA, only two of the P(EtOx)-P(EI) copolymers enhanced the transfection efficiency, whereas transfection efficiency was enhanced for DNA and mRNA by 10 of the copolymers. This emphasizes that RepRNA may be even more challenging to deliver than DNA and mRNA, with a stringently narrow design space; this observation is starting to be appreciated in the field of nucleic acid delivery. 44 We postulate that this is due to the long, single-stranded but highly structured nature of RepRNA; these molecules are physically larger and more highly charged than siRNA and mRNA and thus require innovative new delivery approaches. Further studies are required to provide insight into the structure, bioavailability, and endosomal escape kinetics of nucleic acid polyplexes and whether copolymeric delivery systems optimized in vitro are effective in vivo. Overall, this work shows that the physical differences in DNA, mRNA, and RepRNA impact how these nucleic acids interact with cationic P(EtOx)-P(EI) copolymers, resulting in a unique design space and optimal theoretical polymer for each.
■ CONCLUSION
In this work, we synthesized a library of P(EtOx)-P(EI) copolymers and optimized the molar mass and charge density for in vitro delivery of DNA, mRNA, and RepRNA using a DoE approach. The optimal charge density for DNA and RepRNA was found to be the fully hydrolyzed copolymer, while mRNA transfection efficiency peaked at 80% hydrolysis. Furthermore, the optimal molecular weight was 83 and 72 kDa for the larger nucleic acid species, DNA and RepRNA, respectively, while it was slightly lower, 45 kDa, for the smaller mRNA species. The DoE fit model elucidated that the design spaces for DNA and mRNA copolymers were more forgiving, while the RepRNA is more stringently narrow due to physical differences in length, 
